. Oxidative fuel selection and shivering thermogenesis during a 12-and 24-h cold-survival simulation. J Appl Physiol 120: 640 -648, 2016. First published December 30, 2015 doi:10.1152/japplphysiol.00540.2015Because the majority of cold exposure studies are constrained to shortterm durations of several hours, the long-term metabolic demands of cold exposure, such as during survival situations, remain largely unknown. The present study provides the first estimates of thermogenic rate, oxidative fuel selection, and muscle recruitment during a 24-h coldsurvival simulation. Using combined indirect calorimetry and electrophysiological and isotopic methods, changes in muscle glycogen, total carbohydrate, lipid, protein oxidation, muscle recruitment, and whole body thermogenic rate were determined in underfed and noncold-acclimatized men during a simulated accidental exposure to 7.5°C for 12 to 24 h. In noncold-acclimatized healthy men, cold exposure induced a decrease of ϳ0.8°C in core temperature and a decrease of ϳ6.1°C in mean skin temperature (range, 5.4-6.9°C). Results showed that total heat production increased by approximately 1.3-to 1.5-fold in the cold and remained constant throughout cold exposure. Interestingly, this constant rise in Ḣ prod and shivering intensity was accompanied by a large modification in fuel selection that occurred between 6 and 12 h; total carbohydrate oxidation decreased by 2.4-fold, and lipid oxidation doubled progressively from baseline to 24 h. Clearly, such changes in fuel selection dramatically reduces the utilization of limited muscle glycogen reserves, thus extending the predicted time to muscle glycogen depletion to as much as 15 days rather than the previous estimates of approximately 30 -40 h. Further research is needed to determine whether this would also be the case under different nutritional and/or colder conditions. cold survival; energy needs; fuel selection; muscle recruitment WHEN EXERCISE IS NOT POSSIBLE or advisable, cold-exposed humans must rely on involuntary processes to increase metabolic heat production (Ḣ prod ) to compensate for increasing heat loss. In adults, most heat production comes from the involuntary activation of skeletal muscles, or shivering thermogenesis (ST) (7). The muscle contractions are sustained by the combined oxidation of carbohydrates (CHO), lipids, and proteins (with each substrate playing a substantial role depending on ST intensity) (17, 18); nutritional status and availability of glycogen reserves (4 -6, 15, 16, 24 -26, 34); and muscle recruitment patterns during ST (14). More importantly, adult humans are able to sustain ST and whole body thermogenesis using a wide variety of metabolic fuels over at least 3 h (7). When one fuel store is reduced, the utilization of others is increased to maintain ST intensity and whole body Ḣ prod (12, 15, 24 -26, 35). However, detailed measurements of CHO, lipid, and protein use during shivering have never been attempted in excess of 3 h. Therefore, it remains unclear whether endogenous substrate depletion could limit ST during extended cold exposures.
variety of metabolic fuels over at least 3 h (7). When one fuel store is reduced, the utilization of others is increased to maintain ST intensity and whole body Ḣ prod (12, 15, 24 -26, 35) . However, detailed measurements of CHO, lipid, and protein use during shivering have never been attempted in excess of 3 h. Therefore, it remains unclear whether endogenous substrate depletion could limit ST during extended cold exposures.
Over the last few decades, cold endurance metabolic research has focused on understanding whether, like exercise, the depletion of CHO reserves could limit ST endurance during long-duration exposure (32) . On the basis of empirical observations made by Beckman and Reeves (2), Wissler (32) predicted that men could shiver in 24°C water at 200 W for ϳ30 to 40 h before the onset of muscle cramping. This would coincide with a reduction in ST and whole body Ḣ prod . However, Tikuisis et al. (31) later suggested that this model may underestimate true values, leaving an uncertainty on the limits of ST. If muscle glycogen is essential for ST, then shivering fatigue should coincide with muscle glycogen depletion. Using a combination of indirect calorimetry and isotopic methods, Haman (12) calculated the time to muscle glycogen depletion in men: 1) with depleted and loaded glycogen reserves shivering at 200 W for 120 min, and 2) with widely different rates of muscle glycogen use shivering at 300 W for 90 min. These calculations proposed that the initial state of glycogen reserves did not modify the estimated time to muscle glycogen depletion (ϳ20 h). In contrast, individuals with high rates of muscle glycogen use shivering at 300 W would deplete reserves in ϳ5 h, whereas those with low rates would take ϳ25 h before depleting muscle glycogen reserves. However, if muscle glycogen is not essential for ST, then lipids and proteins would likely compensate for varying contributions from CHO, and the above estimates of cold endurance can be substantially increased. Clearly, measurements of muscle glycogen, total CHO, lipid, and protein utilization rate during extended cold exposure are essential to better understand what limits shivering endurance.
Therefore, this study aimed to provide the first estimates of thermogenic rate, oxidative fuel selection, and muscle recruitment during prolonged (24-h) cold exposure in underfed and noncold-acclimatized men. Specifically, the exposure protocol sought to moderately decrease body temperature as much as voluntarily feasible for the entire duration to elicit moderate ST. Using combined indirect calorimetry and electrophysiological and isotopic methods, changes in muscle glycogen, total CHO, lipid, protein oxidation, muscle recruitment, and whole body thermogenic rate were determined at baseline, 6, 12, and 24 h. On the basis of Wissler's model assuming that endogenous CHO reserves are essential to sustaining ST, we hypothesized that the relative contribution of CHO to total thermogenic rate would be reduced, thus resulting in a progressive decrease in thermogenesis and ST intensity as time in the cold progressed.
METHODS
Participants. While this study aimed at recruiting women and men, but only eight healthy men aged 22 to 47 yr with regular occupational or recreational experience in cold exposure volunteered for this study. Physical characteristics for those completing 12 h of exposure or longer are presented in Table 1 . The experiment was conducted during summer (August-September), so that none of the participants were cold-acclimatized. The experimental protocol was approved by the Human Research Ethics Boards of Brock University, Defense R & D Canada, and National Research Council. Participants were examined by a physician and written informed consent was obtained before the experimental sessions. Maximal oxygen uptake (V O2 max) was determined using a progressive treadmill test; body fatness using seven skinfold measurements (21) , with density from the Siri equation (30) ; and body surface area was calculated using the formula described by DuBois and DuBois (9) .
Experimental protocol. To increase the possibility of completing the entire 24-h cold exposure, participants were matched in pairs. Participants reported to the laboratory at 8:00 A.M. following a 12-h fast. Upon arrival, they ingested a telemetric capsule to measure core temperature and were fitted with thermal and surface electromyography (sEMG) sensors. To simulate an accidental cold exposure, participants were lightly clothed with cotton coveralls (Mark's Work Wearhouse "Big Bill" brand), fleece mitts (9g Glide XC Mitts; Mountain Equipment Coop), and 3-mm neoprene boots (Moque Boot High; Mountain Equipment Coop). The extremities were protected to minimize the risk of developing nonfreezing cold injuries. Following baseline measurements and to simulate physical activities that could be necessary for survival (e.g., abandoning a vessel or seeking shelter), participants performed a 5-km treadmill walk at 50% V O2 max prior to cold exposure. Following this exercise, subjects were exposed to 7.5°C and 50% relative humidity for 24 h in a environmental chamber (wind speed, Ͻ1 m/s). This temperature was selected after pilot trials during which a participant with extensive cold weather experience exposed to 5°C could not voluntarily tolerate more than 6 h of cold exposure. By increasing ambient temperature by 2.5°C, six subjects completed at least 12 h and four completed 24 h. At baseline and during cold exposure, changes in thermogenesis, fuel selection, and shivering activity were monitored periodically using a combination of indirect calorimetry, metabolic tracer, and sEMG methods (see below).
Environmental chamber. The cold exposure was held in a 26.25 m 3 environmental chamber (Can-Trol; Mississauga, ON, Canada) that included a standard bunk bed, toilets, and testing equipment. Participants were free-living and could rest in the bed without extra insulation for 2 h every 6-h testing cycle. Metabolic and thermal responses and sEMG activity of shivering muscles were measured in a seated position for 1 h at 6, 12, and 24 h of cold exposure. To simulate food rationing, participants were periodically fed a full survival ration bar at 0, 6, 12, and 18 h and half a bar at 3, 9, 15, and 21 h (Seven Oceans; GC Rieber Compact, Bergen, Norway). Nutritional content of these bars is described in Table 2 . These survival bars, totaling 6,886 kJ (1,641 kcal), were provided evenly throughout cold exposure to induce a daily energy deficit similar to a previous study reporting diminished thermogenesis during cold exposure (33) . Thermal response and muscle recruitment. Mean skin temperature (T sk) and core temperature (Tc) temperatures were continuously monitored before and during cold exposure using heat flux sensors (SRP8-90961; Concept Engineering, Old Saybrook, CT) and a telemetric capsule (CorTemp; HQ, Palmetto, FL), respectively. T sk was calculated with a modified weighting described by Hardy and Dubois (20) using the following sites: forehead, chest, abdomen, forearm, front thigh, back thigh, upper back, lower back, shin, and calf. Shivering was measured and analyzed by sEMG in four muscles [pectoralis major (PM), trapezius (TR), rectus abdominis (RA), and rectus femoris (RF)] as described previously (14) .
Heat production and substrates utilization. Metabolic rate and fuel utilization were quantified by indirect calorimetry. Expired gases were pulled through a T-type one-way nonrebreathing valve (Series 2700 Large; Hans-Rudolph, Shawnee, KS) using a mass flow controller (50 liters/min, STP) (FlowKit-500; Sable System International, Las Vegas, NV). O 2 and CO2 concentrations of expired gases were determined with an S-3A O2 analyzer and a CD-3A CO2 analyzer (Applied Electochemistry, Pittsburgh, PA), respectively. CO2 production (V CO2) and O2 consumption (V O2) were calculated using following equations (22):
where FRi, FiO2, FiCO2, and FiH2O are the flow rate and fractions of the measured gas species entering the mouthpiece and FRe, FeO2, FeCO2, and FeH2O are the flow rate and fractions of the measured gas species leaving the mouthpiece. Urea concentration of urine samples was measured every 6 h using an assay kit (BioAssay Systems, CA) and used to correct V O2 and V CO2 for the volumes of O2 consumed (1.010 liter/g) and CO2 produced (0.0843 liter/g) during protein oxidation. Rates of carbohydrate (RGox), lipid (RFox), and protein (RPox) oxidation were calculated as follows (17, 23) : Values are medians with interquartile ranges given in parentheses.
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13 C]glucose ingestion during three blocks of 3 h (3-6 h, 9 -12 h, and 21-24 h of cold exposure) (4 -6, 15, 16) . For this purpose, 7 g of cornderived glucose [Ϫ11.03‰ difference (␦) 13 C vs. Vienna Pee Dee Belemnitella (V-PDB)] was further enriched with [U- 13 C]glucose ( 13 C/C-99%; Isotec, Miamisburg, OH) to obtain a final isotopic composition of ϩ200‰␦ 13 C V-PDB ( 13 C/C ϭ 1.1002). The [U-13 C]-enriched glucose was then diluted in 500 ml of tap water at room temperature and divided into seven equal doses. This amount of water met the daily recommendations of the survival ration manufacturer. In addition to ingestion of the isotopic solution, half of a survival bar was given at the beginning of each block of time providing an additional 17.5 g of CHO at Ϫ18‰␦
13 C V-PDB ( 13 C/C ϭ 1.0914). Together, the isotopic solution and half survival ration bar provide 24.5 g of CHO at a final 13 C/C enrichment of 1.1598 (ϩ44‰␦ 13 C V-PDB). For determining plasma glucose enrichment, a baseline 8-ml blood sample was taken before volunteers ingested the first dose of the isotopic solution and the survival bar. A second blood sample was taken 3 h later to determine the final enrichment. Upon collection, blood samples were placed on ice and spun in a refrigerated centrifuge. Plasma was separated and stored at Ϫ80°C until analyzed. Isotopic enrichment of expired gases was determined every 30 min by asking subjects to exhale into 10-ml Vacutainer (BD Biosciences, Franklin Lakes, NJ) tubes just before ingestion of each [
13 C]glucose dose. The isotopic composition of plasma glucose was measured as previously described (29) . In brief, plasma samples (500 l) were deproteinized using barium hydroxide (750 l, 0.3 N) and zinc sulfate (750 l, 0.3 N) and centrifuged to precipitate the proteins. Double-bed ion exchange chromatography with superimposed columns (resins AG 50W-X8 H ϩ , 200 -400 mesh, and AG 1-X8 chloride, 200 -400 mesh) was used to isolate plasma glucose. After evaporation, glucose was combusted (60 min at 400°C) in the presence of CuO, and CO 2 was recovered. Measurements of 13 C/C in expired CO2 and in CO2 obtained from glucose combustion were determined using a prism mass spectrometer (VG, Manchester, UK) and expressed relative to the V-PDB standard (8) as follows: ‰␦ 13 C V-PDB ϭ [( 13 C/ 12 Csample)/( 13 C/ 12 Cstandard) Ϫ 1] ϫ 1.000. Changes in breath CO2 and plasma glucose ‰ ␦ 13 C V-PDB for all intervals (3-6, 9 -12, 15-18, and 21-24 h) are presented in Figure 1 . To calculate the oxidation rate of plasma glucose, it was assumed that the cold exposure elicited a metabolic rate sufficient to limit the influence of the bicarbonate pool (27) . Plasma glucose (GP ox) and muscle glycogen (GMox) oxidation rates were calculated with the following equations (29) (using V CO2 not corrected for protein oxidation):
where Rexp is the isotopic composition of expired CO2, Rglu is the isotopic composition of plasma glucose, Rref-exp is the isotopic composition of expired CO2 before the ingestion of the first 13 C-glucose dose, and Rref-glu is the isotopic composition of plasma glucose before ingestion of the first 13 C-glucose dose. The volume of CO2 released per gram of glucose oxidized is k1 (0.7426 liter/g) and k2 is the fractional recovery (at the mouth) of CO2 produced in tissues (1) .
Blood analysis. Plasma glucose and lactate concentrations were measured spectrophotometrically at 340 nm on a Beckman DU 640 (3), and total plasma nonesterified fatty acid (NEFA) and ␤-hydroxybutyrate (␤-HB) concentrations were determined using assay kits (NEFA C; Wako Chemicals, Osaka, Japan and Sigma kit 310; SigmaAldrich, Oakville, ON, Canada). Plasma insulin concentration was measured using a radioimmunoassay (KTSP-11001; Medicorp, Montréal, QC, Canada).
Statistical analyses. Friedman's tests were run to determine changes from baseline to 12 h in isotopic compositions, heat production, substrate utilization, T sk, and Tc (SPSS for Windows version 21; SPSS, Chicago, IL). Following significant effects of time, post hoc analyses were performed using Dunn's test of multiple comparisons with rank sums to detect differences from resting values or 6-h values for muscle glycogen and plasma glucose oxidation. Furthermore, following a significant effect of time for the whole group, a Wilcoxon signed-rank test was used to assess changes from baseline to 24 h for the four participants who completed the entire protocol. A nonparametric test was selected because of the small sample size and the nonnormal distribution. Results were considered statistically significant when P Յ 0.05. Data are presented as medians (with interquartile ranges shown in parentheses) of six subjects for values at baseline, 6 h, and 12 h; and four subjects for values at 24 h.
RESULTS
Of the initial eight participants who volunteered for this study, two did not complete beyond 6 h of exposure and were removed from the analysis. Six participants completed 12 h in the cold unassisted and four of those completed the full 24 h. However, one required a thermal blanket (Ascotherm IMO 86 WA -MKIV USCG) from 16 h onward as T c approached the ethically mandated threshold of 35°C, whereas technical problems with a second participant made indirect calorimetry data unusable past 12 h. Therefore, data are reported as n ϭ 6 up to 12 h, and n ϭ 4 at 24 h.
Thermal response. Changes in T sk , T c , and Ḣ prod at baseline and after 6, 12, and 24 h in the cold are presented in Figure 2 . T sk decreased from 32.8°C (interquartile range 32.0 to 33.4°C) at baseline to 28.1°C (interquartile range 27.5 to 29.0°C) after 12 h in the cold. For participants who completed the 24 h in the cold, T sk median was 27.8°C (27.1 to 28.2°C) but this value was not significantly different from the baseline value (n ϭ 4, P ϭ 0.13). T c remained unchanged for the first 6 h, then decreased by 0.6°C after 12 h [from 37.4°C (37.1 to 37.6°C) to 36.8°C (36.7 to 36.9°C)] (Fig. 2A) . By the end of 24 h, the median T c was 36.5°C (36.4 to 36.8°C) and was not significantly different from baseline (n ϭ 4, P ϭ 0.25). As a results of cold exposure, Ḣ prod increased from 5.8 kJ/min [5.2 to 6.3 kJ/min at baseline to 6.9 kJ/min (6.2 to 9.1 kJ/min)] after 12 h at 7.5°C (Fig. 2B) . After 24 h, the median Ḣ prod was 8.7 kJ/min (7.7 to 9.0 kJ/min) and was not significantly different from the baseline value (n ϭ 4, P ϭ 0.13). The median total energy expenditure for the four participants who completed the 24 h in the cold was 10,503 kJ (9,180 to 11,813 kJ) or 2,510 kcal (2,194 to 2, 823 kcal) and caloric intake from food rations supplied 6,886 kJ (1,641 kcal). This resulted in an energy deficit of 3,617 kJ (2,294 to 4,927 kJ) or 869 kcal (553 to 1,182 kcal) with food rations providing 66% (58 to 75%) of the required energy to support total energy demands during 24 h in the cold.
Metabolic fuel selection. Absolute rates and relative contributions of CHO (RG ox , %RG ox ), lipids (RF ox , %RF ox ), and proteins (RP ox , %RP ox ) to total Ḣ prod are presented in Figure 3 and summarized in Table 3 . Compared with baseline, RG ox remained unchanged at 6 h but decreased by 53% at 12 h (Fig.  3A) . For subjects who remained in the cold for 24 h, the median RG ox was 32 mg/min (10 to 58 mg/min) and was not significantly different from baseline values (n ϭ 4, P ϭ 0.13). After 12 h, RF ox values were, respectively, 41 and 105% higher at 6 to 12 h compared with baseline values. For subjects who remained in the cold for 24 h, RF ox averaged 169 mg/min (156 to 182 mg/min) and was not significantly different from baseline values (n ϭ 4, P ϭ 0.13). RP ox at all times over the 24-h cold exposure were not different from baseline values. %RG ox remained unchanged in the first 6 h in the cold but decreased by 44% at 12 h (Fig. 3B) . At 24 h, the median %RG ox was 6% (2 to 11%) and was not significantly different from baseline values (n ϭ 4, P ϭ 0.13). %RF ox remained unchanged in the first 6 h in the cold but increased by 36% at 12 h (Fig. 3B) . At 24 h, the median %RF ox was 81% (78 to 85%) and was not significantly different from baseline values (n ϭ 4, P ϭ 0.13). %RP ox did not change over the entire cold exposure period.
Changes in CHO oxidation rate obtained from plasma glucose (PG ox ) and muscle glycogen (MG ox ) are presented in Figure 4 and summarized in Table 3 . A technical limitation was found while using the 13 C-glucose ingestion method under the present conditions. Therefore, it is important to note that although trends in the changes in PG ox and MG ox would be accurate, PG ox would be underestimated (see DISCUSSION) . In this context, results showed that PG ox and %PG ox remained constant from 6 to 12 h in the cold and were not different from baseline values at 24 h with the median of 62 mg/min (48 to 92 mg/min) [12% Ḣ prod (10 to 17% Ḣ prod )] after 24 h (n ϭ 4, P ϭ 0.13). In contrast, PM ox decreased by 77% from 6 to 12 h and was not different than 0 mg/min at 24 h (n ϭ 4, P ϭ 0.13). Similarly, %PM ox decreased by 73% from 6 to 12 h and was not different than 0% Ḣ prod at 24 h (n ϭ 4, P ϭ 0.07). Because our experimental conditions resulted in two men withdrawing from the study after 12 h in the cold, we opted to present individual changes in T sk , T c , Ḣ prod , and substrate utilization (Fig. 5) .
Plasma metabolites. Changes throughout cold exposure in plasma concentrations of glucose, insulin, ␤-HB, and NEFA are presented in Table 4 . For all metabolites, concentrations remained unchanged from baseline values after 6 and 12 h in Fig. 3 . Rate of oxidation (A) and relative contribution of carbohydrates (CHO), lipids, and proteins to total heat production (Ḣ prod) (B) before and at 6 (n ϭ 6), 12 (n ϭ 6), and 24 h (n ϭ 4) at 7.5°C. *Significantly different from baseline, P Յ 0.05; **P Ͻ 0.01. Fig. 2 . Changes in core temperature (Tc) and mean skin temperature T sk (A) and heat production (B) before and at 6 (n ϭ 6), 12 (n ϭ 6), and 24 h (n ϭ 4) at 7.5°C. **Significantly different from baseline, P Ͻ0.01; #P ϭ 0.07. the cold. After 24 h, ␤-HB, NEFA, glucose, and insulin levels were not different from baseline values.
Shivering muscle recruitment. Average whole body shivering intensity reached 4.5%MVC (3.8 to 5.8%MVC) at 6 h and remained unchanged throughout cold exposure [7.2%MVC (2.5 to 7.8%MVC) at 12 h and 5.0%MVC (3.3 to 10.0) at 24 h]. Absolute shivering intensity and relative contributions of individual muscles to total shivering intensity also remained unchanged. The relative contribution of PM, TR, and RF to total shivering intensity averaged 53.3 Ϯ 7.5, 39.9 Ϯ 7.6, and 7.0 Ϯ 0.5%, respectively.
DISCUSSION
Among endotherms, humans are particularly vulnerable to cold exposure, and therefore, understanding the energy requirements of their thermogenic response is essential to optimize chances of survival. The purpose of this study was to provide the first estimates of changes in oxidative fuel selection (CHO, lipids, proteins, plasma glucose, muscle glycogen) and muscle recruitment during a simulated accidental cold exposure lasting from 12 h up to 24 h. Results showed that total Ḣ prod increased by approximately 1.3-to 1.5-fold in the cold and remained constant throughout cold exposure. Interestingly, this constant rise in Ḣ prod and shivering intensity was accompanied by a large modification in fuel selection occurring between 6 and 12 h; total CHO oxidation decreased by 2.4-fold and lipid oxidation doubled progressively from baseline to 12 h. For men who completed the full 24 h, this change in fuel selection was maintained until the end (Figs. 3 and Table 4 ). If muscle glycogen is essential in the cold, such a large decrease in CHO use, especially when some food is available, would increase shivering endurance estimates far beyond those proposed previously (12, 32) .
Cold Survival Simulation and Thermal Responses
In our study, the cold exposure protocol was determined after preliminary trials and was believed to provide the highest possible cold stress tolerable for 24 h in our laboratory setting. Of the eight participants who were recruited for this study, six remained for the entire 24 h at 7.5°C. It is important to note that the first two volunteers were exposed to 5°C and could not complete more than 6 h in the cold. As a consequence, the thermal chamber was set at 7.5°C, thus allowing six participants to complete 12 h in the cold and four to continue for the full 24 h. Together, these observations illustrate the challenges faced by these volunteers accustomed to cold conditions as they attempted to complete a full 24 h in the cold.
Even though two of six subjects could not complete the full 24 h in the cold, it is important to note that the current cold stress results in relatively small changes in T sk (approximately Ϫ4 to Ϫ5°C), T c (approximately Ϫ0.6°C), and Ḣ prod (approximately ϩ1.3 to 1.5 XRMR). From a physiological standpoint, these changes would be considered mild, but the cold exposure remained difficult to sustain. In some realistic conditions in which food and some clothing and/or shelter would not be available, it is likely that thermal and metabolic responses would have been higher adding to the difficulties of sustaining them for 24 h.
In our study, we provided the manufacturer's recommended daily ration of six bars (equivalent to 6,870 kJ/day or 1,668 kcal/day) found in a standard emergency food ration for lifeboats and life rafts; each box containing a total of 10,300 kJ or *Including glucose derived from plasma and muscle glycogen. Values are medians with interquartile ranges given in parentheses. Ḣ prod, heat production rate. †Significantly different from baseline, P Յ 0.05. ‡P Ͻ 0.01. §See text. Fig. 4 . Rate of oxidation (A) and relative contribution of plasma glucose and muscle glycogen to Ḣ prod (B) before and at 6, 12, and 24 h (n ϭ 4) at 7.5°C. *Significantly different from baseline, P Յ 0.05; #P Ͻ0.07.
2,500 kcal. The energy found in this daily ration provided ϳ56% of the energy required to compensate for increased Ḣ prod . It is important to note that even if all survival bars would have been provided to the participants, this would have still resulted in a substantial energy deficit of ϳ3,500 kJ (ϳ850 kcal) for this given cold stress. Here, the food provided was sufficient to satisfy appetite but potentially blunted the thermogenic response, increasing the chances of compromising thermoregulation. In addition to prolonging cold endurance, feeding would modify fuel selection by maintaining CHO use (discussed further in Fueling Prolonged Shivering, Carbohydrates). If food rations had not been provided, it would have been expected that the overall contribution of CHO to total Ḣ prod would have been lower and that of lipids and proteins higher than what was observed here. Whether this change in fuel selection would have modified thermal responses, thermogenic rate, and/or shivering endurance is unclear.
Fueling Prolonged Shivering
Carbohydrates. Even though CHO account for only a small fraction of total energy reserves, they remain an important fuel source for sustaining shivering (7). However, their contribution to Ḣ prod beyond 3 h of cold exposure has never been quantified. Using combined indirect calorimetry and isotopic methods, oxidation rates of total CHO as well as the contribution of glucose obtained from plasma glucose and muscle glycogen were quantified. Results showed that total CHO oxidation was sustained for the first 6 h (ϳ125 mg/min or ϳ30% Ḣ prod ) but decreased by more than half at 12 h (ϳ50 mg/min or ϳ12% Ḣ prod ) (Fig. 3 and Table 4 ). These values remained unchanged for the participants who remained in the cold for 24 h, averaging ϳ30 mg/min or ϳ6% Ḣ prod . Precise reasons for this large decrease in the use of CHO are unknown. However, previous research in the cold suggests that it may be due to a reduction in glycogen reserves (15) or changes in muscle recruitment (14) . Based on the total amount of CHO oxidized over the first 12 h in the cold (ϳ75 g on average; Table 4 and Fig. 3 ) combined with the ingestion of food rations containing ϳ210 g of glucose (Table 2) , it is unlikely that the switch in fuel use occurred as a result of CHO depletion. In addition, measurements of shivering intensity and the contribution of individual muscles to total shivering by sEMG remained the same over the full cold exposure period. Together, these observations indicate that the large switch in fuel use was associated to changes in the regulation of substrates for energy production. Similarly, during low-intensity shivering, glycogen-depleted and -loaded men were able to sustain the same thermogenic rate by oxidizing widely different fuel mixtures without modifying shivering intensity and muscle recruitment (13, 15) . In the context of cold survival and assuming that CHO are essential for shivering, this substantial decrease in RG ox may have important consequences of the time to glycogen depletion and possibly shivering endurance (See Time to Glycogen Depletion). Plasma glucose and muscle glycogen. Repeated ingestion of 13 C-glucose also allowed us to quantify changes in the contribution of glucose obtained from plasma (PG ox ) and muscle (MG ox ) to total RG ox during prolonged cold exposure. Results indicated that MG ox decreased by ϳ80% from 6 to 12 h, whereas PG ox did not change. After 12 h, the contribution of muscle glycogen to RG ox was reduced to less than 5% Ḣ prod . Therefore, most of this decrease in MG ox was driven by this 50% decrease in RG ox . However, it is important to note that consumption of the food ration, combined with the low metabolic rates reached in the cold, likely introduced an unexpected technical error in the estimation of PG ox and MG ox . Folch et al. (11) reported that, at rest, oxidative disposal of an ingested CHO load could be overestimated, whereas its nonoxidative disposal could be underestimated due to glycogen being synthesized through the indirect pathway. When this occurs, some 13 C is lost, diluted, and exchanged in the pyruvate-lactate pool, in the pool of tricarboxylic acid cycle intermediates, as well as at the entrance of the tricarboxylic acid cycle, and along the pathway of gluconeogenesis. This lowers to a greater extent the 13 C/C enrichment in the stored glycogen compared with the CHO ingested, thus resulting in an increased production of 13 CO 2 . This outcome is consistent with the values reported here for PG ox and MG ox , but the extent of this effect is unclear (Fig. 4 and Table 4 ). Therefore, although general trends are likely to be accurate, it should be assumed that reported PG ox values are overestimated and MG ox values are underestimated.
Lipids. The large decrease in CHO use between 6 and 12 h of cold exposure was compensated entirely by a progressive twofold increase in lipid oxidation (RF ox ; ϳ150 mg/min at 12 h and ϳ170 mg/min at 24 h; n ϭ 4, P ϭ 0.13). As a result, lipids provided almost 80% of all the energy for heat produced after 12 h in the cold (ϳ55% at 6 h). Interestingly, RF ox obtained here is consistent with the highest values reported during cold exposures lasting up to 3 h. In these studies, maximal RF ox is achieved at shivering intensities as low as 2 to 2.5 times resting metabolic rate (or ϳ20% V O 2 max ) (15, 16) . Even at maximal shivering intensity during rewarming [ϳ5 ϫ resting metabolic rate (RMR)], RF ox never exceeded ϳ200 mg/min with the relative contribution of this fuel ranging from 20 to 60% Ḣ prod (18) . In addition, when CHO availability was reduced through dietary and exercise intervention, RF ox reached only 165 mg/min during shivering at 2 to 2.5 ϫ RMR (15) . Together, these previous observations and findings from the current study clearly indicate that fuel selection in the cold is regulated by modifying the use of CHO. From low-intensity to maximal-intensity shivering, CHO use has been shown to vary more than 10-fold (18) . Use of CHO has also been shown to be closely related to changes in shivering pattern (14) and CHO availability (15) . Still, in the present study at 12 and 24 h in the cold, lipids were the main fuel sources for sustaining shivering. This major switch from CHO to lipid use was achieved without modifying heat production and shivering activity. Therefore, even if understanding the precise reasons why RF ox is limited in the cold is scientifically interesting, it remains that an oxidation rate below 200 mg/min seems to be sufficient to sustain heat production over a variety of shivering intensities, at various CHO availabilities and during prolonged duration.
Proteins. Changes in the contribution of proteins were determined throughout cold exposure by urinary urea excretion. Results indicated that the oxidation rate of this fuel remained constant throughout cold exposure, averaging ϳ52 mg/min (or ϳ15% Ḣ prod ). This is consistent with previous work indicating that RP ox remains unaffected in the cold and represents ϳ7 to 25% of all the heat generated depending on the nutritional status of subjects (15, 46) .
Time to Glycogen Depletion
Over the years, shivering studies have focused on muscle glycogen depletion as a possible limiting factor for heat production and, ultimately, cold endurance. In our study, we simulated an accidental cold exposure starting with a 5-km medium-intensity walk, providing half of the food required to compensate for increases in energy metabolism and having participants perform simple tasks to simulate survival efforts. Under these conditions, we observed a drastic change from CHO use at 6 h to lipids use at 12 h. In the second half of the cold exposure, lipids provided 80% of the heat produced under resting conditions at 12 and 24 h. On the basis of previously published glycogen depletion cold tolerance models (12, 31, 32) , this large increase in lipid use would have an extremely important effect on shivering endurance time. To illustrate this effect, we calculated time to glycogen depletion on the basis of fuel selection results measured at 6, 12, and 24 h. To make this calculation, we assumed that 1) energy expenditure at 6 and 12 h of cold exposure was 7.5 kJ/min but increased to 8.5 kJ/min at 24 h; 2) for estimates at each time point, the relative use of the different fuels remained the same until glycogen depletion; 3) 80% of total muscle glycogen was available for oxidation; 4) active muscle mass during shivering was 70% of estimated muscle mass; and 5) the amount of muscle gly- Fig. 6 . Estimates of time to muscle glycogen depletion in individuals with normal glycogen reserves according to previously described assumptions (12) and rates of muscle glycogen utilization measured during cold exposure. cogen was 14 g/kg of muscle as suggested by Acheson et al. (1) . Our results of time to glycogen depletion are plotted in Fig. 6 . These calculations suggest that the thermogenic rate of 1.3 to 1.5 ϫ RMR could be maintained for ϳ2, ϳ3, and ϳ9 days, respectively, before depleting muscle glycogen reserves. Clearly, during prolonged cold exposure, increasing reliance on lipids can dramatically improve shivering endurance assuming that CHO are essential to sustain shivering. However, if CHO are not essential to sustain shivering, the status of lipid reserves would become the ultimate limit for survival under thermally compensable conditions. In addition, there is no evidence to date that CHO are essential to sustain shivering, especially during mild cold exposure.
Conclusion
This study provides the first estimates of total CHO, plasma glucose, muscle glycogen, lipid, and protein utilization for more than 3 h during a simulated accidental cold exposure. It highlights the difficulties in conducting such studies in humans even when effects on thermal balance are small (ϳ0.6°decrease in T c ). At a heat production rate equivalent to ϳ1.5 ϫ RMR, results show that lipids are by far the predominant fuel source after 12 h in the cold, providing 80% of the heat produced. Whereas protein oxidation remains constant (ϳ15% Ḣ prod ), CHO use decreases by as much as 50% at 12 h compared with values reported at baseline and 6 h of cold exposure, with most of this change occurring at the level of muscle glycogen. Clearly, such changes in fuel selection dramatically reduces the utilization of limited muscle glycogen reserves, thus extending the predicted time to muscle glycogen depletion to as much as 9 days rather than the previous estimates of approximately [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] h. Further research is needed to determine whether this would also be the case under different nutritional conditions and/or under colder conditions.
